Abstract : In the theory of source-driven abyssal circulation, the forcing is usually assumed to be steady source (deep-water formation). In many cases, however, the deep-water formation occurs instantaneously and it is not clear whether the theory can be applied well in this case. An attempt is made to resolve this problem by using a simple reduced gravity model. The model basin has large depth change compared for its size, like the East Sea, such that isobaths nearly coincide with geostrophic contours. Deep-water is formed every year impulsively and flows into the model basin through the boundary. It is found that the circulation driven by the impulsive source is generally the same as that driven by a steady source except that the former has a seasonal fluctuation associated with unsteadiness of forcing. The magnitudes of both the annual average and seasonal fluctuations increase with the rate of deep-water formation. The problem can be approximated to that of linear diffusion of momentum with boundary flux, which well demonstrates the essential feature of abyssal circulation spun-up by periodic impulsive source. Although the model greatly idealizes the real situation, it suggests that abyssal circulation can be driven by a periodic impulsive source in the East Sea.
Introduction
It was shown by Rhines and Young (1982) that a vigorous recirculation can develop along closed geostrophic contours even in response to very weak wind forcing. This is also the case for source-driven circulation (Kawase and Straub 1991; Kawase 1993; Straub et al. 1993) . For reference, it should be mentioned that over the flatbottomed ocean, the source-driven abyssal circulation is an equator-ward western boundary current, and is a much weaker, broader pole-ward return current in the ocean interior, as suggested by Stommel and Arons (1960) . In this case, the geostrophic contours are blocked by lateral boundaries and currents along these contours are inhibited. The spin-up by vorticity input is simply balanced by advection of vorticity across the geostrophic contours.
Hence, only weak currents crossing the geostrophic contours are possible.
The theory of source-driven abyssal circulation is for steady sources (forcing), and it is not clear whether the result can be applied to the same problem for periodic impulsive source (forcing), i.e., for deep-water formations occurring during a short period every winter. This question arises when we consider the abyssal circulation in mid-latitude oceans like the East (Japan) Sea. In this basin, the deep-water formation occurs in winter (Seung and Yoon 1995; Kim et al. 2002) , probably during a short period, and strong abyssal circulation, up to the order of 10 cm/sec, has also been observed (Takematsu et al. 1999; Senjyu et al. 2005; Chang et al. 2009 ). The abyssal circulation follows the isobaths, and undergoes a large seasonal variation with the strongest current in winter and almost no current in summer in the northern part of the East Sea (Takematsu et al. 1999 ).
This study aims to clarify the character of abyssal circulation driven by a periodic impulsive source in comparison with that driven by a steady source, with implications to the East Sea. To facilitate the process of deep-water formation, which is difficult to reproduce in realistic multi-layer models, the reduced gravity model is used.
Model Formulation
The model basin has a large depth change compared for its size, like the East Sea. In this basin, isobaths are assumed to nearly coincide with geostrophic contours because the potential vorticity change is largely due to vortex stretching by the topographic β-effect rather than by the planetary β-effect. Hence, f-plane approximation is possible. Consider a square basin with length L = 800 km ( Fig. 1 ). There is a sloping bottom of width 200 km around the basin with depth H increasing linearly from H = H s = 500 m at lateral boundaries to H = 3000 m at the edge of the slope. In the remaining central region, the bottom is flat with depth H = H 0 = 3000 m. Assume that the abyssal layer is homogeneous and dynamically uncoupled from the overlying layers, such that the shallow-water reduced gravity model can be applied. Deep-water is formed every winter during the period δ (<T = 1 year), with yearly total volume QT, in small northern coastal region, and flows into the model basin through a portion of the northern boundary (Fig. 1) . Consequently, the surface elevation η, measured from the undisturbed surface of the abyssal layer, rises slowly (Fig. 2) . In real situations, the rising surface should be absorbed into the upper layer by thermal conversion in order to satisfy the mass conservation, which is not considered in this study. Note, however, that the fundamental dynamics of the abyssal circulation is independent of whether there is thermal conversion or not, because both cases give the same vortex stretching effects.
Take (x, y)-axes in the east (E) and north (N) with origin at the center of the basin (Fig. 1) . The governing equations of momentum are (1) ( 2) where (u, v) are (x, y)-components of current velocity, t is time, f is Corioils' parameter, g' is reduced gravity, is vector gradient operator, ν is bi-harmonic viscosity coefficient depending on deformation rate of horizontal motion field through a parameter µ (Bleck and Boudra 1981) , is Laplacian operator, and c D is bottom drag coefficient. The continuity equation is 
Forcing by mass flux is nearly impulsive for δ much smaller than T and is steady for δ = T (Fig. 3) .
Model Results
The governing equations (1) through (3) with boundary condition (4) are solved numerically by using an early version of MICOM (Bleck and Boudra 1986) The time series of kinetic energy per unit mass indicates that the model basin is spun-up significantly for about 5000 days, for both steady and impulsive forcing (Fig. 4) . The resulting kinetic energy is much larger than that spun-up for only one year. Complete statisticallysteady (for impulsive forcing) or steady (for steady forcing) state is not reached until 10000 days, probably because mass conservation is not satisfied. Note, however, that imposing thermal dissipation to satisfy mass conservation is equivalent to imposing upwelling velocity artificially, which may lead to an erroneous abyssal circulation pattern. The spin-up process for an impulsive source, as well as for a steady source, can be most clearly seen in the initial stage (Fig. 5 ). At day 2 after forcing is imposed, the front of disturbances arrives near the point x = −400 km, y = −300 km (about 100 km north of the southwestern corner). At day 6, it arrives near the point x = 400 km, y = 400 km (northeastern corner), showing a propagation speed of about 450 km/day. This is quite comparable with the speed of the first mode shelf wave which is about 432 km/ day according to Pedlosky (1987, see appendix) . By day 10 when the forcing ends, the whole basin is dominated by the initial disturbances. At this time, conditions become nearly uniform in along-slope direction, with currents being largely geostrophic. The circulation pattern changes with time from year to year until finally it reaches a statistically-steady state where same annual variations appear every year. For example, at day 10230 when the basin is impulsively forced, currents near the boundary are stronger than those during the rest of year when the forcing is absent (Fig. 6 ).
In the statistically-steady state, the along-shore uniformity is maintained by topographic β-effect. In real situations, geostrophic contours closing on themselves may play the same role as that of isobaths. In cases where the planetary β-effect dominates over the topographic β-effect, disturbances tend to move westward by planetary Rossby waves, creating the western intensification of abyssal circulation, as suggested by Stommel and Arons (1960) . The time series of along-slope component of current velocity monitored at point P (Fig. 1) , v p , indicates that the time for a current to reach a statistically-steady (steady) state is about 2000 days for impulsive (steady) sources with Q = 0.2 Sv (Fig. 7) ; it tends to become slightly shorter with Q ( Fig. 8 and Fig. 9 ). An important point obtained from these time series, as well as that of kinetic energy, is that the circulation driven by a periodic impulsive source shows generally the same features as those driven by a steady source, except that the former has seasonal fluctuation associated with periodic impulsive forcing. In other words, it can be said that the annual average of circulation driven by a periodic impulsive source is the same as the circulation driven by a steady source, the latter being equal to the impulsive source evenly distributed over the year. This fact suggests that the spin-up process of abyssal circulation driven by a periodic impulsive source is governed largely by linear dynamics, as will be shown shortly. Another point to be made is that the amplitudes of both the annual mean and seasonal fluctuation increase with Q; the amplitude of fluctuation is very small for Q = 0.02 and becomes comparable to that of the annual mean for Q = 2.0 (Fig. 7 through 9 ).
Simple Analytic Model
In order to extract the essential physics of abyssal circulation driven by a periodic impulsive source, the problem is further simplified as follows. Assume that motions are largely in geostrophic balance, but with a weak bottom friction, as discussed by Kawase and Straub (1991) : (6) (7) where, for convenience, linear bottom friction with coefficient µ is considered. Here, the bottom friction represents all dissipations due to both eddy viscosity and quadratic bottom stress in (1) and (2). Neglects of acceleration and non-linear terms in (1) and (2) imply, respectively, that frictional time scale (H + η )/µ is sufficiently smaller than the time scale considered, T = 1 year, and that Rossby number /fL is much smaller than unity.
For simplicity, we restrict our attention to the motions on the x-axis which is sufficiently far from the corners of the basin such that conditions can be assumed to be uniform in the along-slope direction, i.e., = 0 can be assumed in (3) and (6). Currents are predominantly alongslope, i.e., where ε«1. Since frictional time scale is usually larger than the inertial time f < 1, the friction term in (7) can be neglected compared to the Coriolis' term. Governing equations for motions on the x-axis can then be approximated to
In (8), the along-slope component of current, v, is geostrophic. In (9), the cross-slope component of current, u, is induced by bottom friction of v. The fact that means that the inertial period is smaller than frictional time by order ε, i.e., µ/f(H + η )~ε. The cross-slope component of current, u, plays an important role in the spin-up process by creating either convergence/divergence or vortex stretching/shrinking, as shown in (10). Eliminating u and v in (8) through (10) leads to (11) where K = µg'/f 2 . The problem becomes that of mass diffusion with a diffusion coefficient K. Following the assumption of along-slope uniformity, boundary condition (4) can be interpreted as the mass flux distributed uniformly around the periphery of the basin. The boundary condition at x = −L/2 then becomes , ,
Since elevation η should be symmetric about point x = 0, the center of the basin, and hence, should be smoothly distributed there, the boundary condition at x = 0 becomes (13) It suffices to consider only the left half of the x-axis because of the symmetry of problem about point x = 0. Using (8), (11) can be expressed in terms of v:
where V s = Qg'/4fLK. The boundary condition of v at x = 0, equivalent to (13), is (16) Hence, the along-slope component of momentum v can be approximated to be governed by the linear diffusion equation with the momentum source coming from the boundary flux. Solutions to (14) through (16) (17); it linearly increases with x from v = −V S at x = −L/2 to v = 0 at x = 0 with V S being proportional to Q (V S also decreases with bottom friction represented by µ.) At x = −3L/8 where the point P is located (Fig. 1) , the magnitude of v driven by steady source (δ = 365 days) increases with Q, in agreement with the previous results ( Fig. 7 through 9 ). As δ becomes smaller than T, the flux of momentum through the point x = −L/2, is more concentrated in period δ (<T), as shown in (12). This momentum is then slowly diffused away from the boundary, x = −L/2. Hence, momentum (magnitude of v) is largest around the period, and near the location of momentum flux, becoming smaller with distance from the source and with time ( Fig. 10) . At x = −3L/8 where the point P is located (Fig. 1) , the magnitude of v fluctuates around the annual average, larger than average during the forcing period of order δ and smaller than the average during the rest of year. As δ further becomes smaller, such as δ = 0.027T, corresponding to δ = 10 days considered earlier, the portion where the magnitude of v is larger than the annual average would asymptotically approach an impulsive peak, like those observed earlier (Fig. 7 through  9 ). It is evident from (17) and (18) that this impulsive peak is proportional to V S , and hence to Q, in agreement with previous results (Fig. 7 through 9) . Overall, the essential feature of spin-up process observed numerically
in the previous section can be well explained by the linear diffusion equation.
Applicability to the East Sea
The formation mechanism of abyssal circulation in the East Sea is still not clearly defined. There are three candidate mechanisms: eddy-topography interaction, wind forcing and deep-water formation. Very fine numerical models (c.f., Hogan and Hulbert 2000) give abyssal circulation patterns which are in general agreement with the observed one. However, the magnitudes of the modeled current are usually smaller than those observed. It may be possible that those candidate mechanisms are not sufficiently activated in this model. Holloway et al. (1995) has succeeded in reproducing abyssal circulation through parameterizations of eddy-topography interaction. However, it remains to be proved how accurate the parameterization is. Seung (2005) suggests that the abyssal circulation may be generated in winter by wind forcing acting over the area of deep-water formation where vertical stratification is very weak. He argues that deep-water formed in a year may be too small to generate the observed abyssal circulation. However, this does not turn out to be the case because the model considered here indicates that source-driven abyssal circulation, whether it be steadily-forced or not, is generally spun-up for a period of much longer than a year. The East Sea has a favorable condition for the development of abyssal circulation, even in response to very weak forcing, because the geostrophic contours close on themselves (Fig. 11) . The dimension of the model domain has a length scale and bottom slope comparable to the East Sea. The applicability of the reduced-gravity model, i.e., the assumption that the abyssal layer is uncoupled from the overlying layer, may be justified, in part, from the fact that the abyssal currents observed below the strong Tsushima Current show a slight bottomtrapped character with very weak vertical shear in the deep abyssal layer (Chang et al. 2002; Chang et al. 2009 ). However, the accurate value of Q is not known. According to the model results, the magnitude of the along-slope current over the bottom slope is about 13-14 cm/sec for Q = 0.02 Sverdrup, 13-20 cm/sec for Q = 0.2 Sverdrup and 15-60 cm/sec for Q = 2.0 Sverdrups (Fig. 7  through 9 ). In order for the seasonal fluctuation to be significant compared with the annual average, as it is observed in the East Sea (Takematsu et al. 1999) , Q should be larger than 0.02 Sverdrup. This fact means that the magnitude of the along-slope current over the bottom slope is in the order of 10 cm/sec, with a much larger peak in winter. This may be an overestimation arising from uncertainties in various parameter values and approximations. In fact, the model is idealized and gives only qualitative features of real situations. Nevertheless, it demonstrates that even small amounts of deep-water formation can generate significantly strong abyssal circulation in basins where geostrophic contours close on themselves, supporting the possibility that abyssal circulation can be driven by unsteady sources in the East Sea, as suggested by Senjyu et al. (2002) .
Concluding Remarks
Abyssal circulation driven by an unsteady source is studied in order to clarify whether the well-known theory of abyssal circulation, usually assumed to be driven by a steady source, can be applied to unsteady sources. The abyssal layer is homogeneous and dynamically uncoupled from the overlying layers, such that the shallow-water reduced gravity model can be applied. The model basin has a large depth change compared for its size, like the East Sea, such that isobaths nearly coincide with geostrophic contours. Deep-water is formed every year during a short period, and flows into the model basin through the boundary, spinning up the basin. The model basin is spunup significantly for a period of much longer than a year, for both steady and unsteady sources. Disturbances created by a mass source propagate along the boundary as shelf waves so fast that conditions can be considered to be uniform in the along-slope direction. It is found that the circulation driven by an unsteady source is generally the same as that driven by a steady source except that the former has seasonal fluctuation associated with the unsteadiness of forcing. The amplitudes of both the annual mean and seasonal fluctuation increase with the rate of deep-water formation. Thanks to the along-slope uniformity, the problem can be approximated to that of linear diffusion of momentum, with the momentum source provided by boundary flux. This approximation well explains the essential features of abyssal circulation spun-up by an unsteady source. When applied to the East Sea, the model predicts along-slope currents over the bottom slope of order 10 cm/sec with a much larger peak in winter. It demonstrates that even a small amount of deep-water formation can generate significantly strong abyssal circulation in basins where geostrophic contours close on themselves, supporting the possibility that abyssal circulation is driven by unsteady sources in the East Sea, as suggested by Senjyu et al. (2002) . It is noted that this model addresses only the basin-scale qualitative feature of real situations, and cannot resolve other detailed features, such as the abnormally strong current over the flat bottom and various eddy-like or fluctuating currents observed in the Japan Basin (Takematsu et al. 1999) . For the study of more realistic abyssal circulation, more sophisticated numerical models are needed.
